Flower patterns are thought to influence foraging decisions of insect pollinators. However, the resolution of insect compound eyes is poor. Insects perceive flower patterns only from short distances when they initiate landing or search for reward on the flower. From further away flower displays jointly form largersized patterns within the visual scene that will guide an insect's flight behaviour. Chromatic and achromatic cues in such patterns may help insects to find, approach and learn rewarded locations in a flower patch, bringing them close enough to individual flowers. Flight trajectories and the spatial resolution of chromatic and achromatic vision in insects determine the effectiveness of floral displays, and both need to be considered in studies of plant-pollinator communication. 
Introduction
Visual information is indispensable for insect pollinators to locate, choose and 1 interact with flowers. However, insect vision is constrained by the poor optical 2 resolution of their small compound eyes, which is about a hundred times lower 3 than that of our single-lens eye [1] . Unlike single-lens eyes, which are able to 4 focus on objects at different distances, insect eyes have the same angular 5 resolution at far and close distances. Therefore, insects are unable to resolve 6 spatial details of distant objects, however they can use vision at extremely close 7 distances. Theoretical analysis of the optical resolution of insect eyes 8 demonstrates that most flower patterns can be resolved only when the insect is 9 millimeters away [2] (Fig.1) . Hence small-sized flower patterns do not play a role 10 during approach to the flowers, as spatial details simply cannot be optically 11 resolved. Resolution of chromatic vision is predicted to be lower than the eye's 12 optical resolution. Different spectral types of photoreceptors that contribute to 13 colour coding are randomly located across the eye [3] . Hence, chromatic vision 14 requires that signals from more than one ommatidium are integrated which 15 reduces the resolution beyond the limits set by the optics of the eye [4] . 16 17 Under dim light conditions the spatial and temporal resolution of insect vision is 18 decreased further in order to increase contrast sensitivity. Many nocturnal 19 insects, such as moths and beetles, have light-sensitive compound eyes with 20 superposition optics and therefore lower spatial resolution than diurnal insects. 21 Several species of bees, however, have the less sensitive diurnal-type apposition 22 eyes and are nevertheless able to forage in dim light, during twilight or even 23 during the night [5**] . The contrast sensitivity of such eyes can be enhanced by 24 neural mechanisms, and anatomical evidence suggests that nocturnal bees sum 25 signals from many ommatidia [6] . Consequently this also reduces the spatial 26 resolution of their eyes. Furthermore, due to temporal summation of receptor 27 and neural signals that can occur in both types of eyes, vision becomes slower as 28 light levels decrease, which affects the insect's flight speed and trajectories 29 [7, 8, 9 [17, 18] . As an insect moves, the 47 appearance of flowers will change considerably, and consequently the insect 48 must be able to rely on different visual cues when foraging and navigating in 49 flower patches. To evaluate the functions of floral displays it is therefore not only 50 important to know how they are resolved and processed by the visual system but 51 to also consider an insect's flight trajectory at different distances from flowers. 52 53 Why are flower patterns so widespread and diverse? 54 55 It is usually assumed that flower patterns increase the diversity of floral displays 56 and help pollinators to discriminate between flowers and to identify the best-57 rewarding ones. However, when taking into account the poor resolution of 58 compound eyes and typically small sizes of individual floral displays, it is evident 59 that flower patterns can be seen by an insect and influence its behaviour only 60 when it is already close to the flower, initiating a sequence of motor actions that 61 lead up to landing and interactions with the flower. In that phase flowers can use 62 patterns to exploit visuo-motor responses guiding an insect's movement [19, 20] outer ring surrounding a dim disc can be detected from further distances than 96 those having a bright disc surrounded by an outer dim ring. It appears that 97 flowers with a bright outer ring are more common and tend to be smaller than 98 those having a bright central disc and dim outer ring, suggesting that this 99 arrangement may have been selected by insect vision [29] . Nevertheless, the 100 overall detectability of both types of concentric patterns is worse than that of 101 single-coloured discs (see Box 1), which suggests that these patterns have not 102 evolved to simply attract pollinators. Bees use colour (chromatic cues) to discriminate single-coloured discs and two-211 coloured concentric patterns, but only from close viewing distances (Fig.3) . Bees 212 are colour-blind while detecting and discriminating objects from further away, 213 when those subtend small visual angles [13, 17, 18, 67] . In this case they rely on 214 achromatic (brightness) cues, the signals of the L receptor alone. However, the 215 detection threshold does not depend on the magnitude of L-receptor contrast. A 216 critical parameter for the detectability of patterns is the distribution of L-217 receptor contrasts within the target [17, 67] (Fig.3 ). An outer ring with a strong 218 L-receptor contrast (bright) surrounding a central disc with weak contrast (dim) 219 is detected over a shorter distance than a single-coloured disc of the same colour 220 and diameter. The detection distance is even shorter for patterns composed of a 221 dim ring surrounding a bright disc [67] . When viewed through bee eyes such 222 pattern has blurred edges; the impaired detectability is therefore likely to be a 223 consequence of processing visual information by detector neurons with centre-224 surround organisation of their receptive fields [67] . Such neurons are found in 225 visual pathways of many animals. The consequences of detecting objects through 226 such detectors vary for flowers of different sizes. Plants with smaller-sized 227 flowers could have evolved compensatory strategies by sharing displays, without 228 necessarily growing dense inflorescences or high densities of conspecific flowers. 229
Sharing displays can also occur when different species grow in mixed patches 230 next to each other (Fig.2) , by offering large-sized visual features that inform an 231 insect's navigational decisions and guide it towards a reward location with 232 several flowers. In detection experiments honeybees and bumblebees showed a 233 slightly improved detectability for groups of three discs that were placed at 234 sufficiently large inter-disc distances to prevent optical merging when seen from 235 a long distance [68] . This suggests that detector neurons interact in various ways 236 to evoke differential responses towards extended distributions of objects across 237 the visual scene. honeybee are tuned to objects of different sizes [13, 17, 18, 67] . At short distances 283 when coloured discs subtend large visual angles, bees predominantly use 284 chromatic cues to detect and discriminate coloured targets. The colour vision 285 system receives input from all three receptor types (S, M, L). At longer distances, 286 the achromatic visual system mediates detection and discrimination through the 287 L-receptor contrast (achromatic or brightness contrast). The detection limit for a 288 single-coloured disc presented individually is 5°. It does not vary with contrast 289 strength. Signals from several adjacent ommatidia are processed, presumably by 290 detector units with centre-surround receptive fields [68] . When the bee 291 approaches the target, the angular size increases; above the chromatic threshold 292 of 13-15° the target's colour will be resolved and chromatic cues determine the 293 visual perception of bees. There is sensitivity for achromatic L-contrast but it is 294 low; from short distances bees are able to detect very bright [69] , but not less 295 bright [68] 
